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1
PHOTOVOLTAIC SEMICONDUCTOR
MATERIALS BASED ON ALLOYS OF TIN
SULFIDE, AND METHODS OF PRODUCTION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority under 35 U.S.C. §119 (e)
from U.S. Provisional Application Ser. No. 61/817,569 filed
on Apr. 30, 2013, the contents of which are incorporated by
reference herein in their entirety.

CONTRACTUAL ORIGIN

The United States Government has rights in this invention
under Contract No. DE-AC36-08G028308 between United
States Department of Energy and Alliance for Sustainable
Energy, LL.C, the Manager and Operator of the National
Renewable Energy Laboratory.

BACKGROUND

Photovoltaic (PV) technologies based on inorganic thin
film absorber materials may enable cost-effective solar
energy production at large scales. Thin film technologies
reduce the amount of material required in creating the active
material of photovoltaic devices, such as solar cells. Crystal-
line silicon solar cells are very successtul and presently domi-
nate the market, but this technology has intrinsic limitations
originating from the strongly indirect band structure charac-
ter of crystalline silicon (c-Si). In particular, a rather thick
absorber layer (typically ~150 um) with very low defect den-
sities is required, which mandates a fairly complex fabrica-
tion process. New successful thin-film materials made from
other materials could lead to a diversification of PV technolo-
gies with increased competition and independent supply
chains, thereby mitigating the danger of market volatilities.
There is increasing concern that the leading thin film tech-
nologies, CdTe and Cu(In,Ga)Se, (CIGS), rely on elements
that are toxic (Cd) or rare (Te and In). Use of these materials,
therefore, may be unsustainable and/or not cost-effective,
which has spurred active research in earth-abundant PV mate-
rials.

Tin sulfide (SnS) based absorber materials offer an alter-
native for photovoltaic applications, however, the efficiencies
achieved with SnS based solar cells are low (less than 2%).
SnS has also attracted interest as an earth abundant PV
absorber that can be grown by a wide range of physical and
chemical deposition techniques, in the orthorhombic (orth)
structure, however there are additional limitations associated
with use of SnS. Besides the need for device optimization,
e.g., developing hetero junction partner materials and contact
layers, there are also materials-intrinsic barriers that are
related to the anisotropic crystal structure of SnS. First, the
orthorhombic ground state of SnS (orth-SnS) has an indirect
band gap of 1.07 eV and only at energies above about 1.4-1.5
eV is the absorption coefficient is above 10* cm™!, the value
needed for sufficiently complete absorption in a thin film with
thickness no more than a few pm. While the indirect band gap
character of SnS is much less pronounced than in c-Si, where
the direct gap lies in the ultraviolet, it nevertheless implies a
considerable loss of about 0.3 eV in the achievable open-
circuit voltage of a thin-film solar cell. Second, the anisotro-
pic character of the band-structure causes relatively high
effective masses for holes in the direction perpendicular to the
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planes of the layered SnS structure, which reduces the mobil-
ity in this direction and is likely to impede the collection of
photo-excited carriers.

Additional limitations of SnS as a PV absorber appear to lie
in its peculiar crystal structure. The polymorphism of SnS has
been investigated to some extent, with various experimental
conclusions having been reached about observation of a zinc
blende phase, a high temperature orthorhombic phase, and a
rock salt phase (rs-SnS). rs-SnS is just 40 meV/atom higher in
energy than orth-SnS, and may be stabilized by epitaxial
growth on a NaCl substrate.

Photovoltaics also require, in addition to an absorber layer,
atransparent front contact layer. The transparent front contact
is an important materials component in solar cells. In a het-
erojunction device, this material receives the photogenerated
electrons, while the holes are transported through the
absorber materials to the back contact. For optimal device
performance, the conduction band minimum (CBM) of the
front contact should line up with the CBM of the absorber
material. Cadmium sulfide (CdS) is a common front contact
(buffer) material which is used, e.g., in the Cu(In,Ga)Se, and
CdTe thin-film technologies. However, as mentioned above
for SnS based solar cells, there is an indirect band gap of SnS
due to which a significant fraction of solar photons with
energies above the band gap is not absorbed and does not
contribute to the photocurrent. There is also a non-optimal
conduction band offset between the SnS absorber and the CdS
buffer layers.

The foregoing examples of the related art and limitations
related therewith are intended to be illustrative and not exclu-
sive. Other limitations of the related art will become apparent
to those of skill in the art upon a reading of the specification
and a study of the drawings.

SUMMARY

In afirst aspect, disclosed herein are photovoltaic thin films
comprising a tin alloy of formula (I) Sn, _,(R),S (I), wherein R
is selected from magnesium (Mg), calcium (Ca) and stron-
tium (Sr); x is not zero; and the tin alloy is crystalline. In some
embodiments, the crystalline form of the tin alloy is selected
from orthorhombic and rock salt. In some embodiments, the
crystalline form of the tin alloy is rock salt. In some embodi-
ments, R is selected from Ca and Sr.

Also disclosed herein are photovoltaic thin films compris-
ing a tin alloy of formula (I) Sn, (R).S (I), wherein R is Sr,
making the tin alloy of formula 1 Sn,_, Sr, S; x is not zero; and
the tin alloy is in a rock salt crystalline form. In some embodi-
ments, X is selected from 0.2, 0.25 and 0.3.

Also disclosed herein are photovoltaic thin films compris-
ing a tin alloy of formula (I) Sn, (R),S (I), wherein R is Ca,
making the tin alloy of formula 1 Sn,_,Ca,S; X is not zero; and
the tin alloy is in a rock salt crystalline form. In some embodi-
ments, the thin film displays an optical band gap of about
1.1-1.3 V. In some embodiments, X is selected from 0.2, 0.25
and 0.3.

In any of the foregoing embodiments, the disclosed thin
films can have a thickness of about 100 nm-150 pm.

In a second aspect, disclosed herein are photovoltaic
devices comprising an absorber layer comprising a tin alloy
of formula (I): Sn1-x(R)xS (I); and a buffer layer comprising
a cadmium alloy of formula (IT): Cd1-y(R1)yS (II); wherein:
R and R1 are independently selected from magnesium (Mg),
calcium (Ca) and strontium (Sr); x and y are not zero; the
alloys of formulae (I) and (II) are crystalline; and the buffer
layer is lattice matched with the absorber layer.
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In some embodiments, the crystalline form of the tin alloy
of formula (I) and the crystalline form of the cadmium alloy
of formula (II) are both rock salt.

In some embodiments, R and R1 are independently
selected from Ca and Sr. In some embodiments, R and R1 are
both Ca; in other embodiments, R and R1 are both Sr.

In some embodiments, x and y have the same value.

In embodiments where R and R1 are both Ca, the ratio of
tin:calcium and the ratio of cadmium:calcium is selected
from: about 0.80:0.20 to about 0.20:0.80; about 0.70:0.30 to
about 0.45:0.55; and about 0.75:0.25 to about 0.50:0.50.

In embodiments where R and R1 are both Sr, the ratio of
tin:strontium and the ratio of cadmium:strontium is selected
from about 0.80:0.20 to about 0.20:0.80; about 0.70:0.30 to
about 0.45:0.55; and 0.75:0.25 to about 0.50:0.50.

In some embodiments, the absorber layer displays a band
gap energy 0of 0.6-1.5 eV. In some embodiments, the absorber
layer has a thickness between about 100 nm and 150 pm.

In a third aspect, disclosed herein are inorganic photovol-
taic devices comprising a substrate; an absorber layer com-
prising a first chalcogenide; and a buffer layer comprising a
second chalcogenide, wherein the buffer layer is lattice
matched with the absorber layer.

In some embodiments, the absorber layer comprises a solid
state chalcogenide alloy of tin sulfide and a second sulfide. In
some embodiments, the second sulfide is selected from cal-
cium sulfide or strontium sulfide.

In some embodiments, the buffer layer comprises a solid
state chalcogenide alloy of cadmium sulfide and a second
sulfide. In some embodiments, the second sulfide is calcium
sulfide or strontium sulfide.

In some embodiments, the absorber layer comprises a solid
state chalcogenide alloy of tin sulfide and a first selenium-
containing compound, sulfur-selenium mixture or any com-
bination thereof.

In some embodiments, the buffer layer comprises a solid
state chalcogenide alloy of cadmium sulfide and a second
selenium-containing compound, sulfur-selenium mixture or
any combination thereof.

In some embodiments, the absorber layer comprises a solid
state chalcogenide alloy of tin selenium and a second sele-
nium. In some embodiments, the second selenium is calcium
selenium or strontium selenium.

In some embodiments, the buffer layer comprises a solid
state alloy of cadmium selenium and a second selenium. In
some embodiments, the second selenium is calcium selenium
or strontium selenium.

In some embodiments, the device displays a band gap
energy between 0.6 and 1.5 eV.

Also disclosed herein are inorganic photovoltaic devices
comprising a substrate; an absorber layer comprising a first
chalcogenide; a buffer layer comprising a second chalco-
genide; and a transparent conductor; wherein the buffer layer
is lattice matched with the absorber layer. In some embodi-
ments, the transparent conductor is selected from a group of
conducting oxides consisting of indium oxide, zinc oxide,
cadmium oxide, tin oxide and combinations thereof. In some
embodiments, the transparent conductor is a doped inorganic
metal oxide.

In some embodiments, the substrate is selected from a
group consisting of polyesters, polyvinyl acetals, polya-
mides, polycarbonates and polyurethanes. In some embodi-
ments, the substrate is selected from glass, ceramic, plastic, a
silicon wafer, a photovoltaic cell and a semiconductor.

In a fourth aspect, disclosed herein is a method of forming
an inorganic photovoltaic device, comprising: depositing an
absorber layer onto a substrate, wherein the absorber layer
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contains a first chalcogenide; depositing a buffer layer onto
the absorber layer, wherein the buffer layer contains a second
chalcogenide and is lattice matched with the absorber layer.

In some embodiments, the device comprises a substrate
and a transparent conductor, wherein the transparent conduc-
toris selected from a group of conducting oxides consisting of
indium oxide, zinc oxide, cadmium oxide, tin oxide and com-
binations thereof. In some embodiments, the transparent con-
ductor is a doped inorganic metal oxide.

In some embodiments, the substrate is selected from a
group consisting of polyesters, polyvinyl acetals, polya-
mides, polycarbonates and polyurethanes. In other embodi-
ments, the substrate is selected from glass, ceramic, plastic, a
silicon wafer, a photovoltaic cell and a semiconductor.

In some embodiments, the absorber layer is deposited on
the substrate by a deposition method selected from a group
consisting of slot-die coating, spin-casting, drop-casting, dip-
coating, knife coating (also known as doctor blading), spray-
coating, ink jet printing, screen printing, Mayer rod coating
(also known as metering rod coating), Gravure coating, Flexo
printing, and curtain coating.

In a fifth aspect, disclosed herein are compositions com-
prising: a solid state alloy between tin sulfide (SnS) and a
second sulfide, the second sulfide selected from calcium sul-
fide (CaS) and strontium sulfide (SrS); wherein the ratio of
SnS to either CaS or SrS varies between 75/25 and 50/50 parts
of SnS/CaS or SnS/SrS.

In some embodiments, the composition has a band gap
energy between 0.6 and 1.5 eV. In some embodiments, the
composition is integrated in a photovoltaic device.

Also disclosed herein are compositions comprising: a solid
state alloy between cadmium sulfide (CdS) and a second
sulfide, the second sulfide selected from calcium sulfide
(CaS) and strontium sulfide (SrS); wherein the ratio of CdS to
either CaS or SrS varies between 5/95 and 50/50 parts of
CdS/CaS or CdS/SrS.

In some embodiments, the composition has a band gap
larger than that of pure CdS (2.5 eV). In some embodiments,
the composition is integrated in a photovoltaic device as a
contact to the photovoltaic absorber material.

Also disclosed herein are compositions comprising: a solid
state alloy between tin selenium and a second selenium, the
second selenium selected from calcium selenium and stron-
tium selenium; wherein the ratio of tin selenium and either
calcium selenium or strontium selenium varies between
75/25 and 50/50 parts.

Also disclosed herein are compositions comprising: a solid
state alloy between cadmium selenium and a second sele-
nium, the second selenium selected from calcium selenium
and strontium selenium; wherein the ratio of cadmium sele-
nium to either calcium selenium or strontium selenium varies
between 5/95 and 50/50 parts.

In addition to the exemplary aspects and embodiments
described above, further aspects and embodiments will
become apparent by reference to the drawings and by study of
the following descriptions.

BRIEF DESCRIPTION OF THE DRAWINGS

Various embodiments are illustrated in referenced figures
of the drawings. It is intended that the embodiments and
figures disclosed herein are to be considered illustrative rather
than limiting. Those skilled in the art will understand that the
drawings, described herein, are for illustration purposes only.
The drawings are not intended to limit the scope of the present
disclosure.

FIG. 1 illustrates, in simplified form, a photovoltaic device.
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FIGS. 2a and 2b illustrate the crystal structures of SnS in its
orthorhombic ground state (FIG. 2A) and in a rock-salt crys-
talline structure (FIG. 2B). Cations are depicted as dark balls
and anions as white balls.

FIGS. 3a, 3b, and 3¢ are graphs illustrating the calculated
formation enthalpies of SnS/MgS, SnS/CaS, and SnS/SrS
alloys, respectively. The graphs also show the transition from
orthorhombic (orth) to rock salt (rs) as the structure with the
lowest enthalpy at composition values between 0.18<x<0.28.
The dashed line shown for the Ca alloy is a guide to illustrate
the mixing enthalpy relative to the rs phases of SnS and CaS.

FIGS. 4a, 45, and 4c¢ are graphs illustrating the calculated
bandgap and absorption coefficients.

FIGS. 54 and 5b are graphs illustrating the calculated band
offset. FIG. 5¢ depicts band structures of the cubic rs structure
of the binary SnS and CaS compounds.

FIG. 6 is a flowchart of a sample embodiment of a method
of forming a SnS based absorber material thin film.

FIGS. 7a-e show results from structural characterization of
Sn,_,Ca,S thin films: (FIG. 7a) TEM image; (FIG. 75) and
(FIG. 7¢) diffraction patterns of along the <001> and <011>
zone axes, respectively; (FIG. 7d) Glancing incidence X-ray
diffraction (asterisks denote substrate reflections); (FIG. 7e)
The lattice parameter as a function of Ca content x. The
dashed line is a linear interpolation between the calculated
(DFT) and measured (literature) lattice parameters of the
binary rs-SnS and CaS compounds.

FIG. 8 shows the measured absorption spectra of Sn,_
xCa, S thin films deposited on fused silica for (left panel)
x=0.35 or 0.55 and (right panel) x=0 or 0.95.

DETAILED DESCRIPTION

Reference is now made in detail to certain embodiments of
the disclosed devices, methods, systems, and processes. The
disclosed embodiments are not intended to be limiting of the
claims. To the contrary, the claims are intended to cover all
alternatives, modifications, and equivalents.

Disclosed herein are thin-film materials generated by the
stabilization of the rock salt phase of SnS by alloying with the
various sulfides, and methods of producing the same. In some
embodiments, MgS, CaS, and SrS, may be used to aid in
stabilizing the structure of SnS. In some embodiments, the
selected sulfide assumes the rock salt (rs) structure as the
ground state and aids in maintaining the absorber layer in a
rock salt structure. In many embodiments, the disclosed
alloys aid in reducing the indirect bandgap of'tin sulfide. The
materials disclosed herein may be useful, in several aspects,
in the generation of PV cells.

Also described herein are ab initio calculations performed
for the alloy mixing enthalpy in either the orth or rs structure,
as well as for the band-structure and optical properties of the
rs alloys. In some embodiments, a low mixing enthalpy and a
high absorption close to the band gap energy are predicted for
alloys with CaS and SrS. Experimentally, Sn, ,Ca,S alloys
were synthesized by pulsed laser deposition (PLD). The for-
mation of the isotropic rs structure was confirmed, as well as
measured optical band gaps in the range of interest for PV
applications, i.e., 1.1-1.3 eV.

The disclosed calculations, syntheses, and characteriza-
tions of the disclosed Sn, ,Ca,S, Sn, ,Sr,S, and Sn, Mg S
alloys demonstrate that the functional properties of photovol-
taic materials may be modified. Here, the disclosed alloying
process and materials induce structural modifications of the
crystal structures.

In various aspects, an inorganic photovoltaic device is
described herein. In some embodiments, the device com-
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prises a substrate, an absorber layer comprising a first chal-
cogenide and a buffer layer comprising a second chalco-
genide, wherein the buffer layer is lattice matched with the
absorber layer. This buffer layer has a wide band gap main-
taining optical transparency and has a suitable conduction
band offset with the above absorber material. In many
embodiments, a chalcogenide may refer to a chemical com-
pound consisting of at least one chalcogen anion and at least
one more electropositive (electron donating) element, the
chalcogen being one of the chemical elements in group 16 of
the periodic table (oxygen (O), sulfur (S), selenium (Se),
tellurium (Te) and polonium (Po)).

Chalcogenide-based compounds that can be used for the
absorber layer and buffer layer may include any chemical
compound consisting of at least one chalcogen ion and at least
one more electropositive, or electron donating, element. In
some embodiments, chalcogens include solid state alloys of
sulfides, selenides, tellurides and combinations thereof.
Absorber layers may include a first chalcogenide such as tin
sulfide, cadmium sulfide, calcium sulfide, strontium sulfide,
or any combination thereof. Buffer layers may include a
second chalcogenide such as tin sulfide, cadmium sulfide,
calcium sulfide, strontium sulfide, or any combination
thereof. In some embodiments, a thin-film absorber layer may
be formed by alloying SnS with CaS or with SrS. In some
embodiments, a buffer layer may be formed by alloying CdS
with CaS or SrS. Also disclosed are methods of alloying CaS
or Sr8 into both the SnS absorber and into the CdS buffer.
Additional embodiments of the disclosed absorber layer or
buffer layer may be obtained by alloying the first or second
chalcogenide with a selenium-containing compound, a sul-
fur-selenium mixture or any combination thereof.

In various aspects, the disclosed thin film PV semiconduc-
tor materials are obtained by alloying tin sulfide (SnS) and/or
cadmium sulfide (CdS) with a second sulfide, which can be
either calcium sulfide (CaS), strontium sulfide (SrS), or any
other chalcogenide. Tin sulfide and cadmium sulfide can also
be alloyed with a selenium-containing compound, a sulfur-
selenium mixture, or a combination thereof. Additional
embodiments may be obtained by alloying tin and/or cad-
mium with a selenium-containing compound, a sulfur-sele-
nium mixture, or a combination thereof.

Alloying as described above has two beneficial effects:
First, the band gap is increased, leading to a better transpar-
ency of the front contact and fewer losses due to absorption of
high energy photons in the contact material. Second, the
band-offset with the Sn, Ca,S and Sn,  Sr, S absorber mate-
rials is reduced as seen in FIGS. 5a and 54, showing the Ca/Sr
compositions in the absorber and in the contact material are
equal, i.e., x=y=0.25.

FIG. 1 illustrates one embodiment of a photovoltaic struc-
ture 100 provided by the present disclosure having a substrate
110 and a back contact layer 115 deposited onto the substrate
110. An absorber layer 120 is grown and deposited onto the
back contact layer 115. A thin buffer layer 150 is deposited
onto the absorber layer 120. The buffer layer 150 is overlaid
with a thin intrinsic ZnO layer 160. A transparent conducting
layer 170 is deposited onto the ZnO layer 160. In some
embodiments, the absorber layer 120 comprises a tin sulfide
that is alloyed with calcium sulfide, strontium sulfide or any
other combination of chalcogenides, in the manner disclosed
herein. In some embodiments, the buffer layer 150 comprises
cadmium sulfide which is lattice matched with the absorber
layer 120 and is alloyed with calcium sulfide, strontium sul-
fide or any other combination of chalcogenides in the same
manner as the tin sulfide, disclosed herein. In some embodi-
ments the substrate 110 may comprise glass, chromium,
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molybdenum, silicon, silicon dioxide, aluminum oxide, sap-
phire, germanium, an alloy of silicon and germanium, indium
phosphide (InP), glass coated with a Molybdenum film 115,
or any combination thereof.

FIG. 6 illustrates one method 600 for fabricating an elec-
trochemical device. In some embodiments, the electrochemi-
cal device comprises one or more layers, such as an absorber
layer, made ofa Sn,_,Ca S, Sn, ,Sr, S, or Sn, Mg S alloy as
disclosed herein. The method 600 begins at 610 such as by
designing of a particular device to be fabricated such as
lithium-ion battery or the like. The method 600 continues
with selecting material for the substrate 620, bufter layer 621,
absorber layer 622, and optional third layer 623. At 630, the
method 600 may include the deposition application of the
three layers. Embodiments of absorber layers may include a
first chalcogenide such as tin sulfide, cadmium sulfide, cal-
cium sulfide, strontium sulfide, or any combination thereof.
Embodiments of buffer layers may include a second chalco-
genide such as tin sulfide, cadmium sulfide, calcium sulfide,
strontium sulfide, or any combination thereof. The absorber
layer may be formed by alloying SnS with CaS or with SrS.
Some embodiments may include a buffer layer formed by
alloying CdS with CaS or SrS. Various embodiments may
include a method of alloying CaS or SrS into both the SnS
absorber and into the CdS buffer. In other embodiments, the
absorber layer or buffer layer may be obtained by alloying the
first or second chalcogenide with a selenium-containing com-
pound, a sulfur-selenium mixture or any combination thereof.

In some embodiments, the thickness of the absorber layer
of a thin film photovoltaic cell provided by the present dis-
closure may be from about 10 nm to about 200 um, or larger
than about 10 nm, 20 nm, 30 nm, 40 nm, 50 nm, 60 nm, 70 nm,
80 nm, 90 nm, 100 nm, 110 nm, 120 nm, 130 nm, 140 nm, 150
nm, 160 nm, 170 nm, 180 nm, or 190 nm, and less than about
200 nm, 190 nm, 180 nm, 170 nm, 160 nm, 150 nm, 140 nm,
130 nm, 120 nm, 110 nm, 100 nm, 90 nm, 80 nm, 70 nm, 60
nm, 50 nm, 40 nm, 30 nm, or 20 nm. In some embodiments,
aphotovoltaic cell comprises a single absorber layer. In some
embodiments, a photovoltaic cell comprises two absorber
layers. In some embodiments, a photovoltaic cell comprises
multiple absorber layers or more than two absorber layers.

The method 600 continues with depositing the buffer layer
onto the substrate 640, followed by depositing the absorber
layer onto the buffer layer 660 and depositing the third layer
onto the absorber layer 660. The device is completed by
depositing a protective layer 670 to protect the absorber and
third layers from sputtering damage, followed by depositing
top contacts 682 and depositing an antireflective coating 683.
The method 600 then may end at 690. Various deposition
techniques may be used to generate the electrochemical
devices provided by the present disclosure including, without
limitation, slot-die coating, spin-casting, drop-casting, dip-
coating, knife coating, doctor blading, spray-coating, ink-jet
printing, screen printing, Mayer rod coating, metering rod
coating, Gravure coating, Flexo printing, curtain coating, or
combinations of any of the foregoing.

The conduction band offset between CdS and SnS in its
normal orthorhombic phase is undesirably large. As a result
of the alloying disclosed herein, the SnS absorber assumes a
different crystal structure. The band gap of about 1.1 eV of
SnS in its ground state (orthorhombic crystal structure, one
embodiment of which, space group 62, is as shown in FIG.
2a), is indirect, and the absorption threshold in thin-films at
1.5 eV lies significantly higher, causing a considerable loss of
photocurrent. The layered crystal structure causes anisotropic
effective masses for electrons and holes, hindering the trans-
port of photo-excited carriers in the direction perpendicular to
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the layers. In addition, the common buffer material CdS atthe
front contact exhibits an unfavorable conduction-band offset
with SnS, i.e., the conduction band minimum (CBM) of CdS
lies well below that of SnS, which causes a reduction of the
open circuit voltage compared to the SnS band gap. In con-
trast, the new alloy material disclosed herein, Sn, ,Ca S,
Sn, Sr,S,orSn, Mg S, hasarock-salt crystal structure (one
embodiment of a rock salt structure, space group 225, is as
shown in FIG. 24), which, as shown in FIG. 2, is different
from the crystal structure of pure SnS and more conducive to
the transport of photo-excited carriers. This new material has
a tunable band gap suitable for a photovoltaic absorber and
has a strong optical absorption at photon energies close above
the band gap energies.

The properties of these new materials can be calculated via
the methods provided in the Examples and/or by using elec-
tronic structure methods based on density functional theory
(DFT) and many-body perturbation theory within the GW
approximation. These calculations provide the crystal struc-
ture, the band gap energy and the optical properties (absorp-
tion spectrum) for the new material obtained by alloying SnS.
Further calculations provide the band-offsets of these mate-
rials with the new materials obtained by alloying CdS.

FIGS. 3a, 3 b, and 3¢ show the formation energy of the
alloys Sn, ,Ca,S and Sn,— SrS and Sn, Mg S alloys,
respectively, as a function of the composition. The formation
energies can be determined from DFT calculations of large
supercells (more than 200 atoms) for many individual random
alloy configurations. For compositions above approximately
X,=0.18 or x;,=0.28, the formation energy of the alloy is
reduced when the alloy assumes the rock-salt structure
(ground-state structure of CaS and SrS) instead of the orthor-
hombic structure (ground-state structure of SnS).

The band-structure and optical properties of the rock-salt
crystalline structure alloys can be investigated, for example,
by conducting GW approximation calculations for two com-
positions, x=0.25 and x=0.50. Since such GW calculations
are computationally very demanding, these calculations can
be performed for small 16-atom cells using the so-called
special quasi-random structures (SQS) as a model for the
random alloy. As shown in FIG. 4qa, the band gap of the
Sn, Ca.S alloy increases from E_=0.6 eV for x=0.25 to
E.=1.5 eV for x=0.50. As shown in FIG. 4b, the band gap of
the Sn,_,Sr,S alloy increases from E,=0.7 eV for x=0.25 to
E,=1.5 eV for x=0.50. For both the Ca and Sr containing
alloys, the range of achievable band gaps between x=0.25 and
x=0.50 covers the range for photovoltaic absorbers in a
single-junction solar cell design. In many embodiments, the
amount of strontium or calcium in the absorber layer can vary.
Regarding the formula Sn, (Ca or Sr),S, x can vary from
about 0.18 and 0.60, and thus the ratio of tin to calcium or tin
to strontium (Sn:Ca or Sn:Sr) can vary from about 0.82:0.18
to about 0.40:0.60.

The absorption coefficient a, is shown in FIGS. 4a and 45
as a function of the photon energy. Alpha can be calculated for
direct and dipole-allowed optical transitions within the inde-
pendent particle approximation (excitonic effects further
increase o by up to about one order of magnitude). For opti-
mal solar cell performance, it is desirable to have a strong
absorption at energies close above the band gap energy,
because any offset between B, and the absorption onset
results in a reduced absorption of incident solar photons and,
hence, in a reduced photocurrent without a corresponding
gain in voltage. As seen in FIGS. 4a and 45, the spectra for the
Sn, ,Ca S and Sn, _ Sr,S alloys disclosed herein show a steep
onset of optical absorption just above the band gap energy.
This result represents a considerable improvement over pure
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SnS, where similar calculations reveal an offset of about 0.4
eV between the indirect band gap and the onset of direct-
allowed transitions. These data indicate that the Sn, ,Ca,S
and Sn,_,Sr,S alloys can be used in PV technologies and are
likely to produce optimal performance in a solar cell.

The conduction band offset between CdS with Sn, . Ca,S
and Sn,__Sr S can also be evaluated for the two compositions
x=0.25 and x=0.50. For this purpose, a slab supercell can be
constructed to accommodate the interface between CdS and
SnS. The band-offsets can be determined by combining the
results of computational quantum mechanical modelling,
such as a density functional theory (DFT) calculation, of the
slab yielding the potential step at the interface, and a GW
quasiparticle energy approximation, yielding the band edge
energies relative to the respective potentials. The variation of
the band edge energies and the ensuing variation of the band
offsets can be determined from a GW approximation of alloy
models, using a potential alignment technique. As shown in
FIGS. 5a and 554, the conduction band minimum of CdS lies
significantly below that of Sn, ,Ca,S and Sn, _Sr,S, leading
to an undesirable conduction band offset. However, when the
CdS buffer is alloyed in the same manner disclosed herein for
SnS, for example as Cd, .Ca S or Cd,_Sr,S at a similar
composition of x as the SnS-based absorber, a vanishing band
offset is achieved.

In other embodiments, a composition integrated in a PV
device as a contact to the PV absorber material, as described
above, can comprise a solid state alloy between tin sulfide
(SnS) and a second sulfide, which can be either calcium
sulfide (CaS) or strontium sulfide (SrS). The composition
ratio can vary between 75/25 and 50/50 parts of SnS/CaS or
SnS/SrS. In some embodiments, the composition can exhibit
the rock-salt crystalline structure and may exhibit a band gap
energy between 0.6 and 1.5 eV. In some embodiments, the
composition can also comprise a solid state alloy between
cadmium sulfide (CdS) and a second sulfide selected from
calcium sulfide (CaS) and strontium sulfide (SrS). The com-
position ratio can vary between 5/95 and 50/50 parts of CdS/
CasS or CdS/SrS. In some embodiments, the composition can
exhibit a wurtzite or zinc-blende crystalline structure and
may exhibit a band gap larger than that of pure CdS (2.5 eV).
In some embodiments, the composition comprises a solid
state alloy between tin selenium and a second selenium
selected from calcium selenium and strontium selenium. The
composition ratio can vary between 75/25 and 50/50 parts of
tin selenium/calcium selenium or tin selenium/strontium
selenium. In some embodiments, the composition comprises
a solid state alloy between cadmium selenium and a second
selenium selected from calcium selenium and strontium sele-
nium. The composition ratio can vary between 5/95 and 50/50
parts of cadmium selenium/calcium selenium or cadmium
seleniuny/strontium selenium.

EXAMPLES

It is noted that there are alternative ways of implementing
the embodiments disclosed herein. While a number of exem-
plary aspects and embodiments are disclosed, those of skill in
the art will recognize certain modifications, permutations,
additions and sub combinations thereof. Accordingly, the
disclosed embodiments are to be considered as illustrative
and not restrictive.

Materials and Methods

The work disclosed in the following Examples was per-
formed at the National Renewable Energy Laboratory
(Golden, Colo.) and in the Departments of Physics and
Chemistry at Oregon State University (Corvallis, Oreg.).
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Pulsed laser deposition (PLD) targets were prepared from
mixtures of CaS and Sn metal, with tin to calcium ratios of
2.33:1 and 1:1 (0.70:0.30 and 0.50:0.50), which were
annealed under flowing H,S for 4 h at 400° C. In the case of
the 1:1 target, the resulting powder was ground, pressed, and
then annealed for a further 2 h at 400° C. under flowing H,S.
The2.33:1 target had approximately 20% excess sulfur added
prior to being pressed and annealed in a hot isostatic press
(AIP HP630) under Ar. A 248-nm KrF pulsed excimer laser
was used for the ablation of the targets. The target-substrate
separation was fixed at 5.4 cm. The substrate temperature was
varied from 300 to 600° C. with a laser fluence of 1.0 J/cm?
and pulse rate of 7 Hz. All films were deposited in a vacuum,
with a base pressure of 10~ Torr. Following deposition, films
were cooled rapidly in a vacuum.

Glancing incidence x-ray diffraction for phase identifica-
tion purposes was performed using a Rigaku RAPID diffrac-
tometer with an incidence angle of 10°. For lattice parameter
measurements, 6-20 x-ray diffraction patterns were obtained
using a Bruker D8 Discover x-ray diffractometer and a
Rigaku Ultima IV diffractometer in the parallel beam geom-
etry with Cu K, radiation. The (200) reflection at
20,,,=32.96° from the Si substrate was used to calibrate the
spectrum. Background subtraction using a polynomial fit was
performed, and peaks were fit to a Lorenztian profile to deter-
mine the peak positions. Cross sectional imaging and electron
diffraction data were obtained using an FEI Titan transmis-
sion electron microscope at accelerating voltages of 80 and
200kV. The samples were rotated to alter the crystallographic
direction being measured, and the diffraction from the silicon
substrate was used to calibrate the patterns.

The chemical composition of the films was determined by
measuring the K emission from sulfur, oxygen, silicon, and
calcium, and the La emission from tin using a Cameca SX 50
electron microprobe at accelerating voltages of 10, 15, and 20
kV. Energy dispersive x-ray spectroscopy was used for sto-
ichiometry measurements of transmission electron micros-
copy (TEM) samples.

Optical transmission and reflection data were collected
using a custom-made spectrometer with a double grating
monochromator. Measurements in the ultraviolet and visible
regions were performed using a xenon lamp and silicon detec-
tor. A tungsten lamp and InGaAs detector were used for near
infrared measurements. The absorption coefficient o was cal-
culated using T/(1-R)=e~*?, where T is transmission, R is
reflection, and d is the film thickness, which was determined
using a J.A. Woolam V-VASE spectroscopic ellipsometer.
Resistivity and Hall measurements were performed using a
LakeShore Cryotronics 7504 Hall effect measurement sys-
tem at magnetic fieldsup to 2 T. Electrical contacts were made
using pressed indium. Room temperature Seebeck coeffi-
cients were measured relative to copper using a custom-built
system with a maximum temperature differential across the
sample of 5K.

Ab initio calculations were performed using the Vienna
Ab-initio Simulation (VASP) package. To compute mixing
enthalpy of alloys, density functional theory-generalized gra-
dient approximation (DFT-GGA) total-energy calculations
were performed in large supercells of more than 200 atoms.
For both the orthorhombic (orth) and the rock salt (rs) crys-
talline structures, alloy concentration was sampled by con-
sidering several individual random alloy configurations for a
given concentration while relaxing both volume and internal
coordinates. Band gaps and optical properties were deter-
mined from quasiparticle energy calculations within the GW
approximation using a fully relaxed 16-atom Special Quasi-
random Structure (SQS) to simulate the random alloy. The
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optical spectra were determined from the macroscopic polar-
izability in the independent particle approximation.

Example 1
Alloy Energetics, Structure, and Stability

The transition from the orthorhombic structure of SnS into
the cubic rs structure was explored by calculating the mixing
enthalpy between SnS and three group-II sulfides MgS, CaS,
and SrS. The disclosed sulfides have the rs phase as the
ground state structure. As shown in FIG. 3, the enthalpy of the
rs structure becomes lower than that of the orth structure at
compositions of xMg=0.23, xCa=0.18, or xSr=0.28, indicat-
ing that alloy compositions above these values would occur in
the cubic phase. The mixing enthalpies of the Ca and Sralloys
are lower than that of the Mg alloy, which is due to the larger
lattice mismatch between MgS and SnS. In the cubic rs phase,
the calculated lattice constants are 5.22, 5.71, 6.07, and 5.84
Angstroms for MgS, CaS, SrS, and SnS, respectively. Note
that within the DFT-GGA approximation used, lattice con-
stants are generally overestimated by about 1%-2%, com-
pared to experiment.

The mixing enthalpies of the order of 100 meV for the
Sn, ,Ca. S and Sn, Sr.S alloys (see FIG. 3) indicate that
there is a miscibility gap under thermodynamic equilibrium
conditions, similar to the case of, e.g., the well-studied Ga, _
xIn N alloys. However, it is also well established that such
III-V alloys can be grown over the full composition range,
aided by non-equilibrium conditions at lower growth tem-
peratures around 600° C. In contrast to these III-V systems
where the alloy components have the same crystallographic
phase, the miscibility gap occurs in the present SnS alloys
between two different crystallographic phases, suggesting
that there exist additional barriers for phase separation that
arise due to the surface energy associated with the nucleation
of a phase with a different structures. Therefore, once the
alloy assumes the rs structure above the identified composi-
tion, a possible phase separation might be expected to pro-
ceed within the rs structure until sufficiently large Sn-rich
regions are formed that are able to overcome the nucleation
energy for the precipitation of the orth structure. As illustrated
in FIG. 3 for the case of Ca alloying, the mixing enthalpy with
respect to the binary end compounds in their rs structure is
smaller than that with respect to the binary end compounds in
their ground state structures. It can be described by an alloy
interaction parameter £2=162 meV within the second order
approximation AH=Qx(1-x) which is considerably smaller
than Q=260 meV for Ga, ,In N alloys. Thus, within the con-
straint given by the structural framework of the rs structure,
the driving force for phase separation, e.g., via spinodal
decomposition, is not very strong, and the growth of rs struc-
ture alloys between SnS and CaS or SrS seems to be suffi-
ciently feasible to attempt thin film growth experiments.

Example 2
Synthesis of Sn,_,Ca_ S Alloys

Thin films of Sn, ,Ca,S were prepared by PLD on amor-
phous SiO, and <001>-oriented single crystal Si with a 100-
nm thermal oxide layer at substrate temperatures between
300 and 600° C. Electron probe microanalysis and energy
dispersive X ray spectroscopy indicate that films grown at 300
and 400° C. have about 10% higher calcium content than that
of'the PLD target. At 500° C. and above, there is a consider-
able loss of Sn, leading to high Ca compositions, while still
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preserving a nearly one-to-one cation-to-anion ratio. The
films did not show any measurable oxygen content. The Sn, _
xCa,S films were typically 100-150 nm thick. The Ca content
was 0.39<x<0.91; films with lower x could not be made from
the available (Ca,Sn)S targets. Reduction of x was attempted
by producing alternating (Ca,Sn)S and SnS layers deposited
from alloy and pure SnS targets, respectively, and annealing
the film to mix the layers. SnS films were also produced from
SnS targets (no Ca) under similar conditions and with similar
thickness.

As shown in FIG. 7, the films appear dense and well crys-
tallized in TEM. The diffraction patterns from observations
along <011> and <111> zone axes are consistent with the
cubic rock salt structure and do not generally correlate with
patterns from the orthorhombic SnS structure. Thus, the
X-ray diffraction of the Sn, ,Ca S films confirms that all
measured films adopt the cubic rock salt structure. Glancing
incidence x-ray measurements on a film with composition
Sn,, 55Cag 6, are shown in FIG. 3 as an example. The reflec-
tions with positions and intensities are consistent with the
cubic rock salt structure (FIG. 7 and Table I). Reflections from
orthorhombic SnS are not present in the measured spectrum.
Similar growths of orthorhombic SnS on silicon generally
result in oriented films with the (0k0) peaks predominating
the x-ray diffraction pattern, and these were not observed in
these Sn,_,Ca_ S films. The (002) and (022) reflections from
the cubic Sn, ,Ca,S are readily observed and were used to
determine the lattice parameter of the films, which decreases
as the calcium content is increased, i.e., from 0.575 nm for
x=0.410 0.569 nm for x=0.92 (FIG. 2). The lattice parameters
were determined from the TEM for two film compositions,
x=0.39 and x=0.91, and were consistent with the lattice
parameters measured by X-ray diffraction (see FIG. 7¢). The
linear trend of the measured lattice parameter indicated by the
fit line in FIG. 7e suggests that the Sn, ,Ca_S films may form
a generally homogeneous solid solution. The linear interpo-
lation of the experimental literature values for rs-SnS
(a=0.580 nm) and CaS (a=0.5689 nm) describes very well the
present data for the composition dependence in the alloy. The
density functional theory (DFT) calculated lattice parameters
show a similar relative change between rs-SnS and Cas$, the
overestimation of the absolute values by about 1% is typical
for the generalized gradient approximation.

TABLE I shows calculated peak positions and intensities
for cubic Sn, ;5Ca, .S (a=0.573 nm). The intensities for
(SnCa)S are weighted averages of intensities of rs-SnS
(ICSD-651015) and rs-CaS (ICSD-619534).

TABLE I

Snp 15Cag S

(hkl) 20 Intensity
111) 26.93 0.24
(002) 31.19 1
(022) 44.69 0.68
(113) 52.95 0.12
(222) 55.5 0.23
(004) 65.05 0.1
(133) 71.74 0.05
024) 73.91 0.28
(224) 82.38 0.21

The absorber layer has a rock salt structure. In many
embodiments, the calculated weighted averages of the peak
intensities for the disclosed absorber layer are highest for
(hkl) reflections (002) and (022). In some embodiments, the
average weighted peak intensities for these two positions are
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between about 0.50 and 1.0. In some embodiments the aver-
age weighted peak intensities for these two positions are
greater than about 0.50, 0.65, 0.70, 0.75, 0.80, 0.85, 0.90, or
0.95, and less than about 1.00, 0.95, 0.90, 0.85, 0.80, 0.75,
0.70, 0.65, 0.60, or 0.55.

Band-Structure and Optical Properties of the Alloys

The optical absorption of orth SnS has been determined
experimentally and theoretically. The indirect band gap of
SnS lies at 1.07 eV, but the onset of optical absorption in thin
films lies somewhat higher around 1.3-1.4 eV, which may be
due to the indirect and anisotropic nature of the band struc-
ture. Generally, absorption in a thin film of thickness about 1
m requires an absorption coefficient above 10* cm™, which
may occur at photon energies above about 1.5 eV for SnS. The
difference of about 0.4 eV between the band gap and the
effective absorption threshold implies loss of efficiency in a
solar cell. The disclosed alloying approach uses the transition
from the orth to the rs crystalline structure to aid in inducing
a direct band gap and more isotropic character of the band-
structure and optical properties.

FIGS. 4a, 4b, and 4¢ show the calculated band gaps and the
absorption spectra based on GW quasiparticle calculations
for alloys having the composition of x=0.25 (4a and 45 left
panel) and x=0.50 (4a and 4b right panel). Note that the
absorption coefficients o have been determined within the
independent particle approximation and do not include exci-
tonic effects, which typically increase . by about one order of
magnitude in the vicinity of the band gap, e.g., in orth SnS.
While the Mg alloys exhibit a significant offset between the
gap and the absorption onset, indicating an indirect character
of'the band gap, the Ca and Sr alloys behave instead more like
a direct gap semiconductor, where band gap and absorption
onset generally coincide. The actual observable parameter of
interest is the absorption strength as a function of the photon
energy above the band gap. At a composition of x=0.25,
which roughly corresponds to the transition into the cubic rs
structure, the band gap lies below that of orth SnS and
increasesup to 1.5 eV atx=0.50. Thus, this composition range
is predicted to cover the range of band gap energies that is
most interesting for single-junction photovoltaics.

To elucidate the origin of the more direct character and the
magnitude of the band gaps, the calculated band structures of
rs-SnS and CaS were determined and are shown in FIG. 5¢. In
the cubic rs structure, SnS has an inverted band gap, a feature
that has recently attracted much interest in the context of
topological insulators. Similar to the case of SnTe, which
adopts rs as the ground state structure, the inversion occurs at
the L point in the Brillouin zone. The inverted band gap is
small, about 0.3 eV, with the valence band maximum (VBM)
being at the L point, and the conduction band minimum
(CBM) slightly off from the L. point. CaS is a wide gap
semiconductor with a calculated indirect gap of 5.2 eV, where
the VBM is at the I" and the CBM at the X point. When Ca is
alloyed into rs SnS, the inversion at the L. point may be
reversed, leading to a situation similar to that of PbTe which
is known as a semiconductor with a narrow direct band gap at
the L point. Thus, the Sn, ,Ca,S and Sn, ,Sr.S alloys can be
viewed as having a direct gap at the L point, which supports
strong optical absorption due to the different parities of the
VBM (L*; Sn-s like) and CBM (L4 ~; Sn-p like).

FIG. 8(a) shows the results of optical measurements for
films with moderate calcium content (x=0.35-0.55), indicat-
ing that the optical band gap varies from 1.1 to 1.3 eV and
increases with rising Ca content. The absorption onset is
steeper for the higher Ca concentration, which is a trend
that—although less pronounced—is also seen in the theoreti-
cal data. For comparison, FIG. 4(5) shows also the absorption
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spectrum of orth SnS with an optical band gap of 1.25 eV. The
indirect band gap at 1.07 eV, which was determined from
measurements on bulk samples, is not visible in FIG. 4(b)
because the respective indirect transitions with an absorption
coefficient in the range of 1-100 per cm are too weak to be
observable in a thin film. FIG. 8(b) shows further the optical
spectrum for a film with approximately 95% calcium on the
cation site, exhibiting a very slow onset of absorption with no
obvious band gap. In this composition, Sn acts as a metallic
impurity in CaS and causes a low level of absorption at all
energies. While the absorption onset in the films shows the
trends with compositions predicted by the calculations, the
overall absorption spectra are more similar than the calcula-
tions predict.

In addition to the optical characterization, electrical mea-
surements were also performed. The present (SnCa)S films
were too resistive to determine the carrier mobility via the
Hall effect, but thermopower measurements indicate that the
films are p-type, with a Seebeck coefficient of 900-1900
uV/K, for films with 35%-55% Ca cation content.

While various aspects and embodiments have been dis-
cussed above, those of skill in the art will recognize certain
modifications, permutations, additions and sub combinations
thereof. It is therefore intended that the following appended
claims and claims hereafter introduced are interpreted to
include all such modifications, permutations, additions and
sub-combinations as are within their true spirit and scope.

What is claimed is:
1. A photovoltaic thin film, comprising a tin alloy of for-
mula (I):

Sn,_(R),S @,

wherein,
R is selected from magnesium (Mg), calcium (Ca) and
strontium (Sr);
X is not zero; and
the tin alloy is crystalline.
2. The thin film of claim 1, wherein the crystalline form of
the tin alloy is selected from orthorhombic and rock salt.
3. The thin film of claim 1, wherein the crystalline form of
the tin alloy is rock salt.
4. The thin film of claim 1, wherein R is selected from Ca
and Sr.
5. The thin film of claim 3, wherein R is Sr and the tin alloy
of formula 1 is Sn, Sr,S.
6. The thin film of claim 5, wherein x is selected from 0.2,
0.25 and 0.3.
7. The thin film of claim 3, wherein R is Ca and the tin alloy
of formula 1 is Sn, . Ca S.
8. The thin film of claim 7, wherein the thin film displays an
optical band gap of about 1.1-1.3 eV.
9. The thin film of claim 7, wherein x is selected from 0.2,
0.25 and 0.3.
10. The thin film of claim 1, having a thickness of about 100
nm-150 pm.
11. A photovoltaic device, comprising:
an absorber layer comprising a tin alloy of formula (I):
Sn, (R),S (I); and
a buffer layer comprising a cadmium alloy of formula (II):
Cdl_y(Rl)yS (II); wherein:
R and R' are independently selected from magnesium
(Mg), calcium (Ca) and strontium (Sr);
x and y are not zero;
the alloys of formulae (I) and (II) are crystalline; and
the buffer layer is lattice matched with the absorber layer.
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12. The device of claim 11, wherein the crystalline form of
the tin alloy of formula (I) and the crystalline form of the
cadmium alloy of formula (II) are both rock salt.

13. The device of claim 11, wherein R and R" are indepen-
dently selected from Ca and Sr.

14. The device of claim 11, wherein x and y have the same
value.

15. The device of claim 14, wherein R and R' are both Ca.

16. The device of claim 14, wherein R and R! are both Sr.

17. The device of claim 15, wherein the ratio of tin:calcium
and the ratio of cadmium:calcium is selected from: about
0.80:0.20 to about 0.20:0.80; about 0.70:0.30 to about 0.45:
0.55; and about 0.75:0.25 to about 0.50:0.50.

18. The device of claim 16, wherein the ratio of tin:stron-
tium and the ratio of cadmium:strontium is selected from
about 0.80:0.20 to about 0.20:0.80; about 0.70:0.30 to about
0.45:0.55; and 0.75:0.25 to about 0.50:0.50.

19. The device of claim 11, wherein the absorber layer
displays a band gap energy of 0.6-1.5 eV.

20. The device of claim 11, wherein the absorber layer has
a thickness between about 100 nm and 150 pum.

#* #* #* #* #*
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